Two color, 1 + 1, mass resolved excitation spectroscopy (MRES) is used to obtain molecular Rydberg (3s .... n) spectra of azabicyclo[2.2.2]octane (ABCO) and diazabicyclo[2.2.2]octane (DABCO) clustered with argon. Nozzle/laser timing delay studies are employed together with time-of-flight mass spectroscopy to identify cluster composition. Population depletion techniques are used to differentiate between clusters with the same mass, but different geometries. A Lennard-Jones 6-12 potential is used to model the intermolecular interactions and predict minimum energy cluster geometries and cluster binding energies. The experimental results are combined with the cluster geometry calculations to assign spectral features to specific cluster geometries. Three different excited state interactions are required to model the experimentally observed line shapes, spectral shifts, and cluster dissociation. The relationship between these model potentials and the cluster binding sites suggests that the form of the cluster intermolecular potential in the Rydberg excited state is dictated by the distance between the argon and chromophore atoms. A comparison of results for ABCO(Ar)I and DABCO(Ar)I leads to the conclusion that the nitrogen 3s Rydberg orbital in clusters of DABCO is delocalized.
I. INTRODUCTION
Rydberg spectroscopy is generally thought to involve the promotion of an electron from a nonbonded, lone-pair, O"-bond, or 'IT-bond orbital to a nonbonding orbital of higher principal quantum number. These extravalent orbitals are currently viewed as being localized, atomic like, nonbonding orbitals which have a large spatial distribution and are therefore very polarizable. 1 The extended spatial distribution of these Rydberg orbitals is currently thought to make them extremely sensitive to external perturbations. In fact, their sensitivity to a high bath gas pressure has been embraced by experimentalists as the primary tool for distinguishing Rydberg transitions from valence transitions.
1 Until recently, the investigation of the characteristics of molecular Rydberg states has been neglected compared to those of valence states. This has been largely due to the difficulty of accessing Rydberg transitions, most of which are in the vacuum ultraviolet; however, a number of present technologies facilitate the study of molecular Rydberg transitions. The most consequential is the tunable dye laser which makes multiphoton spectroscopy a viable and valuable technique.
2 Multiphoton excitations may be used to access high energy transitions with two photon resonances so that the laser wavelength can be in the 500 to 200 nm range. This technique has the added advantage of probing transitions which are forbidden by a one photon absorption. Additionally, multiphoton ionization (MPI) provides for highly sensitive mass resolved detection. When used in conjunction with molecular jet techniques, mass resolved MPI provides a powerful means of studying cold molecular clusters. These studies provide direct quantitative information about external solvent perturbations.
The first study of Rydberg transitions in jet-cooled clusters has been recently performed on the cyclic ether l,4-dioxane clustered with a number of nonpolar solvents. 3 Three binding sites in the ground state are determined. In all cases, the transition to the Rydberg state weakens the intermolecular interaction with the solvent, as is evidenced by the large blue shift of the transition energy. Such an effect differs significantly for different binding sites. This is the first study which shows, on a molecular level, effects of the Rydberg transition on the intermolecular interaction. Nonetheless, this study is deficient in that the observed Rydberg spectra cannot be correlated with specific cluster geometries. Therefore, the extent of the spatial distribution of the Rydberg orbital cannot be probed for this system. Systems which are particularly amenable to these types of studies are the two caged tertiary amines, diazabicyclo[2.2.2]octane (DABCO) and azabicyclo[2.2.2]octane (ABCO). The transition of a nitrogen lone pair electron to the nitrogen 3s orbital (3s .... n ) in these molecules occurs at less than 40000 cm-I , allowing access by one photon of uv or two photons of visible laser light. DABCO has D3h symmetry and the 3s state was originally studied by Parker and A vouris by both one and two photon excitation. 4 They concluded from their laser polarization studies that the 3s Rydberg state is totally symmetric, one photon forbidden, and two photon allowed. ABCO has C 3v symmetry' which makes its 3s .... n transition both one and two photon allowed. The one and two photon MPI spectra of supersonic jet-cooled ABCO and DABCO have also been acquired;5 however, these studies are not mass resolved. Other efforts have probed the theoretical 6 and experimental 7 aspects of the relative importance of through-space and through-bond interactions of the nitrogen lone pair orbitals in the ground electronic state of DABCO. The latter studies have found that these nitrogen-nitrogen lone pair interactions have a pro-found effect on electron distribution amongst ground state molecular orbitals.
In the following discussion, we report the 3s<-n Rydberg spectra acquired by multiphoton ionization spectroscopy of DABCO and ABCO clustered with as many as four argon atoms. Cluster composition is identified with time-of-flight mass spectroscopy in combination with nozzlellaser timing delay studies. Population depleti~n techniques are employed to differentiate features which arise from different cluster geometries. The interpretation of these results is further supported by simple model calculations. Clustering of ABCO and DABCO with this simple solvent directly probes the effects of external perturbation on their 3s<-n transition. Also, due to the high symmetry of these molecules, the shift of the origin transition can be directly correlated with solvent binding site, yielding information about the spatial extension of the Rydberg 3s orbital. Furthermore, since lone pair interaction is not possible in the case of ABCO, a comparison of the DABCO(Ar), and ABCO(Ar), cluster spectra yields information about the extent of Rydberg orbital delocalization in DABCO.
II. PROCEDURES

A. Experiment
Mass resolved excitation spectra (MRES) of ABCO, DAB CO, and their clusters with argon are acquired by employing a pulsed supersonic molecular jet expansion in combination with two color 1 + 1 or 2+ 1 multiphoton ionization (MPI). A detailed description of the supersonic molecular jet apparatus and time-of-flight mass spectrometer has been published previously.s For two color multiphoton ionization, two Nd/Y AG pumped dye lasers (Spectra Physics) are employed. The dye laser fundamental of R590 (Exciton), R575 (Exciton), or F548 (Exciton) in methanol (ca. 10 mj/pulse) is used without focusing for the two photon excitation of DABCO (Aldrich, 98%). For the one photon excitation of DAB CO, these dye fundamental frequencies are doubled with a KDP nonlinear crystal. The dye laser fundamental of a 1.3: 1 mixture of LDS698/DCM (Exciton) in methanol is doubled and then mixed with the Nd/Y AG 1.064 /Lm fundamental to produce a uv beam for the one photon excitation of ABCO (Aldrich, 97%). The fundamental of C460 (Exciton) is used to ionize the excited species for all one and two photon excitations. Following ionization, the molecular and cluster ions are separated and analyzed by time-of-flight mass spectroscopy. Nozzle backing pressure is maintained at 50 psig. The solute, ABCO or DAB CO, is used without additional purification and is placed in the head of the molecular jet nozzle which is heated to ca. 50°C to vaporize the solid sample. For cluster studies, the bath gas (helium) is seeded with 0.1%-10% of argon (General Air, Commercial Grade).
Population depletion studies have been fully described previously.9 The following details are specific to these experiments. Two Nd/Y AG pumped dye lasers are used, one for population depletion and one for MPI detection (probe). The depletion and the probe lasers both employ the frequency doubled fundamental of R575 (Exciton). The resulting laser beams are each focused with aim lens.
The ionization threshold for ABCO, DABCO, and their argon clusters is quite sharp (10%-90% ca. 20-50 cm -, ). All two color ionization data reported are obtained within 100 cm-' of the appropriate ionization threshold value for the system interrogated. For example, the ioniza- tion energy for the og transition of DAB CO is 22140 cm-I above the transition energy. The threshold is at -57 930 em-I. For DABCO(Ar)I (og at 35 890.2 cm-I ) the ionization photon energy is 21 920 cm -I. Nozzlellaser timing delay studies exploit the differences in velocity and formation time of clusters of different mass (size) after they are formed in the supersonic expansion. This arrival time difference may be detected by varying the delay between the nozzle pulse and the laser pulse. The distance between the nozzle and the ionization point is 7.0 cm-I in these experiments. These experiments have also been described previously.lO
B. Calculation
The ground state minimum energy cluster geometries for the DABCO(Ar)n (n=1,2,3) and ABCO(Ar)I clusters are calculated using a Lennard-Jones 6-12 potential to model the atom-molecule van der Waals (vdW) interaction. The potential parameters and methods of Scheraga are used with fixed solvent and solute geometries, while their relative positions are energy optimized. II These calculations employ as many as 2000 randomly generated starting points. Normal mode analyses performed on these calculated cluster geometries have been described in detail elsewhere. 12 
III. RESULTS
A. DABCO(Ar)n Figure 1 displays the one and two photon MRES of the bare jet-cooled DABCO molecule in the region of its two photon allowed 3s<-n origin (og) at 35786 em-I. The bottom trace represents the two photon transitions, while the top trace represents the one photon transitions. The one and two photon transition energies are listed in Table  L These spectra are in agreement with previously reported jet cooled MPI spectra which are not mass resolved. bare DABCO molecule signal which is approximately 15 times more intense than the n = 1 cluster signal. Both the sharp and broad features in these spectra are to the blue of the bare molecule 08. These cluster spectra do not display any features to the red of the bare molecule two photon 08.
Experiment
The transition energies of the sharp features and the low energy edge of the broad features are listed in Table I . Signal is also observed in the DABCO(Ar)4,5 mass channels. The spectra in these mass channels are broad, devoid of sharp features, and the apparent origin is blue shifted further than the DABCO(Arh,2,3 spectral features.
In the spectrum appearing in the 152 amu mass channel [trace (a) of Fig. 2 ], the first broad feature begins 300 cm-I to the blue of the DABCO 08 and then exhibits a sharp dropoff after approximately 20 cm -1. The top trace in Fig. 3 is an expanded view of this region of the 152 amu mass channel spectrum. The bottom trace in Fig. 3 shows that coincident with the disappearance of signal in the 152 amu mass channel at 307 cm -1 is the appearance of signal in the 112 amu mass channel. This latter signal is not observed when argon is absent from the molecular beam. The observation of van der Waals (vdW) cluster signal appearing in a lower mass channel is typical of cluster dissociation.
Nozzlellaser timing delay studies are performed to determine whether dissociation is occurring in the higher order clusters and contributing to spectra being detected in lower mass channels. Figure 4 shows intensity profiles of signal arising from different sized clusters as a function of nozzlellaser timing delay. These profiles show the differences in nozzle-to-Iaser flight times for clusters of differing mass. There is a minor contribution to these flight times from the specific cluster formation dynamics, and a major contribution from the cluster velocity which depends on the cluster mass. The results of these experiments are indicated in Fig, 2 by the abbreviated labels on each spectral feature. These timing delay studies are calibrated with the sharp features in each mass channel which show no signs of dissociation.
The most intense sharp feature in trace (a) of Fig. 2 is shifted 103.9 cm -1 to the blue of the bare molecule origin. This feature is identified with the DABCO(Arh cluster mass from the nozzlellaser timing delay study. The second feature in this spectrum starts to gain intensity at about 290 cm -1 to the blue of the bare molecule origin and is also identified with the DABCO (Ar) 1 cluster. Mentioned above, and demonstrated in Fig. 3 , the sharp decrease in signal at the blue edge of this feature coincides with the appearance of a broad feature in the bare molecule mass channel (112 amu). This broad feature persists in the 152 amu mass channel for -20 cm -1 and then vanishes due to dissociation of the cluster and persists in the 112 amu mass channel for another -100 cm-I . A broad signal, underlying and just to the blue of this feature in the 152 amu mass channel, is identified with DABCO(Arh This is coincident with a decrease of signal in the 192 amu mass channel and can be attributed to the dissociation ofDABCO(Ar}z into the 152 amu mass channel. Similarly, the third prominent feature in trace a of Fig. 2 , beginning at approximately 380 cm -1 to the blue of the bare molecule origin, is identified by the nozzlellaser timing delay study as originating from the DABCO(Ar}z cluster and is labeled accordingly.
Population depletion techniques can differentiate between clusters of the same mass, but with different geometries. This approach is a cross between a hole burning and an ion dip experiment. In a population depletion experiment, the molecular beam of mixed species is excited with an intense laser (depletion laser) and the MRES of the resulting beam is then probed at a different frequency with another laser (probe laser) of reduced intensity. The probe laser is fixed at a cluster resonance peak. The depletion laser scans the spectral region and depletes the ground state population of any cluster species for which it is in resonance. The result is that the signal associated with the probe laser will be decreased when the depletion laser scans through a resonance of the cluster species being probed. This experiment yields three important determinations. First, it can distinguish whether two features which are observed in the same mass channel result from the same, or from different cluster geometries. Second, it can verify the results of the nozzle/laser timing delay study. Third, population depletion studies support the determination that cluster dissociation occurs in the S I state of the neutral cluster and not the cluster ion because the full spectrum of dissociating clusters is observed in this experiment.
The results of such a study for DABCO(Ar) I are shown in Fig. 5 . The x-axis labels are the population depletion energies in wave numbers. The negative peak which appears at 36 236 cm -I in all four traces is due to detector saturation from a bare molecule vibronic transition. Trace 5 , the depletion laser only affects the probe signal at the probe laser energy (a trivial result) and at the transition energies of the two less intense sharp features just to the blue of this. Therefore, the small sharp features to the blue of 35893 cm-I arise from the same cluster species as it does, and the two features centered at 36 090 cm-I and 36210 cm-I do not. An equivalent analysis is applied to trace (c) of Fig. 5 . In this spectrum the probe laser energy is 36 090 cm -I and the probe signal is affected by the depletion laser only at energies corresponding to some broad feature beginning at 36 080 cm -I. Therefore, this broad feature arises from a different cluster species than both the sharp feature at 35893 cm-I and the broad feature centered at 36210 cm-I . Notice that the dissociation of the cluster upon excitation at 36 100 cm-I does not prohibit the detection of population depletion for the rest of this broad feature from 36 100 to 36 200 cm -I. This confirms that the signal from 36106 to 36200 cm-I in the bottom trace of Fig. 3 is a result of the same cluster species which gives rise to the signal from 36 080 to 36 100 cm -I in the top trace of .1 cm -I to the blue of the bare molecule origin, are determined by the nozzlellaser timing delay study to be due to the DABCO(Ar}z cluster. The next feature in this trace is broad, beginning about 280 cm -I to the blue of the bare molecule 08 transition, and continues to gain intensity for about 40 cm -I. This feature then begins to lose intensity in the 192 amu mass channel and appears in the 152 amu mass channel. This feature is due to the DABCO(Ar}z cluster. The next broad feature in trace (b) of Fig. 2 begins to appear at about 370 cm-I to the blue of the bare molecule origin, is centered at 410 cm-I, and is determined to be due to the DABCO(Ar)3 cluster. The last broad feature in this spectrum begins at about 490 cm -I to the blue of the bare molecule origin, is centered at 530 cm-I, and is also associated with DABCO(Arh Trace (c) of Fig. 2 has two main features. The most intense sharp feature is 310.0 cm -I to the blue of the bare molecule origin and is determined to be due to DABCO(Arh The intense broad feature is centered at 660 cm-I and is determined to be due to DABCO(Ar)4 dissociation.
Calculation
Minimum energy cluster geometry calculations for the DABCO(Ar)n clusters are performed employing a Lennard-Jones 6-12 empirical potential function. These calculations produce three cluster geometries for the DABCO(Ar) 1 cluster. A normal mode analysis is performed on these three cluster geometries to determine the magnitude of their vdW modes. These three cluster geometries are shown in Fig. 6 (a) along with their respective binding energies (BE). In the most stable cluster geometry (BE=232 cm-I ) the argon atom lies in the ah plane midway between the two nitrogen atoms and directly above the center of a rectangle defined by four carbon atoms of one ring. This cluster geometry has three vdW mode frequencies which are 34.1 cm-I for the DABCO-Ar stretch, 28.8 cm -I for the bend in which the argon moves in the O"h plane, and 26.0 cm -I for the bend in which the argon moves toward the DABCO nitrogens. The least stable geometry (BE= 167 cm-I ) also has the argon atom midway between the two nitrogen atoms, but lying next to a C-C bond, in a plane containing the two nitrogen atoms and the C-C bond. This cluster geometry has three vdW mode frequencies which are 29.7 cm-I for the DABCO-Ar stretch, 16.6 cml for the bend in which the argon moves in the O"h plane, 8.6 cm -I for the bend in which the argon moves toward the DABCO nitrogens. The third cluster geometry (BE=200 cm-I ) the argon atom lies at the end of the molecule, near one of the nitrogen atoms, slightly off the C 3 axis, and midway between two C-N-C carbon atoms. This cluster geometry has three vdW mode frequencies which are 32.7 cm-I for the DABCO-Ar stretch, 15.5 cm -1 for one bend, and 12.7 cm -1 for the other bend.
To determine the potential barrier between the most stable and least stable cluster geometries, a potential energy profile is calculated by moving the argon atom around the DABCO molecule in the O"h plane while optimizing the DABCO-Ar distance. This potential energy profile is shown in Fig. 6(b) . As can be seen from the figure labels, the potential barrier between these two geometries is calculated to be 14 cm -I, Since this is a 0 K calculation, we must consider whether this barrier is enough to bind the cluster at real formation temperatures. The normal mode of the least stable geometry which translates the argon along this coordinate has a calculated frequency of 16.6 cm -I. This corresponds to a zero point energy of 8.3 cm -I. At a cluster temperature of 10 K, the cluster will have enough energy to get over this barrier into the deeper well. The cluster temperature is significantly higher than 10 K when the cluster forms and then is further cooled in the expansion. Therefore, the least stable calculated geometry should not exist in the molecular beam. The two cluster geometries which these calculations predict are labeled I and II in Fig. 6(a) , with binding energies of 232 and 200 cm-I, respectively. The barrier between these two conformations is greater than 50 cm -I and is probably sufficient to isolate the two conformers.
For higher order clusters, the calculated geometries are simply the different combinations ofDABCO(Ar) 1 cluster binding sites and the binding energies are additive to within 5%.
The qualitative results of this calculation and the relative energies of the different cluster geometries are quite helpful in understanding the experimental data and are in general agreement with the observations. (08) at39101.1 cm-I is one photon allowed. TheMRES signal in the 111 amu mass channel is multiplied by 100 above 39 300 cm -I. This illustrates that the cluster giving rise to the broad feature in the 151 amu mass channel dissociates at 39416 cm-I and its signal simultaneously appears in the 111 amu mass channel.
B. ABCO(Ar)1
Experiment
The bottom trace in Fig. 7 shows the one photon excitation, two color ionization, MRES of ABCO in the region if its 3s+-n origin (og transition). This spectrum is in agreement with a previously reported jet-cooled MPI spectrum. 5 The top trace in Fig. 7 shows the one photon excitation, two color ionization MRES of the ABCO(Ar)1 cluster. This spectrum has three prominent features: two intense sharp features and one intense broad feature which is characterized by a sharp decrease in intensity on its high energy side. The negative peaks are due to detector saturation from the bare ABCO molecule signal which is approximately 100 times more intense than the cluster signal. The lowest energy feature in the 151 amu mass channel is sharp and shifted 28 cm -I to the red of the bare molecule origin. The second sharp feature in this mass channel is blue shifted by 47 cm -1 with respect to the bare molecule origin. The broad feature observed in this mass channel begins approximately 245 cm-I to the blue of the bare molecule origin and vanishes about 70 cm -I further to the blue. This sharp decrease in signal in the ABCO(Ar)1 mass channel (151 amu) is coincident with the appearance of signal in the bare ABCO molecule mass channel (111 amu). Similar behavior is described above for the case of the DABCO(Ar) 1 cluster in Sec. III A 1 and shown in Fig. 3 . In the bottom trace of Fig. 7 the spectral intensities at transition energies greater than 39 300 cm -I have been multiplied by 100 to demonstrate this. The broad signal which appears in the bare ABCO molecule mass channel (Ill amu) is not present when argon is absent from the molecular beam and is indicative of cluster dissociation. Clusters with more than one argon atom are not observed for ABCO. This is probably due to the relatively low signal intensity of the bare ABCO molecule. The ABCO spectrum is roughly five times less intense than the DABCO spectrum.
Calculation
Cluster geometry calculations for the ABCO(Arh cluster produce four minimum energy configurations. Three of these configurations are analogous to those described above for the DABCO(Ar)1 cluster. Since ABCO does not have a O'h plane, a fourth configuration exists with the argon at the end of the molecule near the tertiary carbon and just off the C 3 axis. The least stable calculated geometry will not exist in the molecular beam for reasons discussed for DABCO(Ar)I in Sec. III A 2. The three remaining configurations are shown in Fig. 8 , labeled I, II, and III, with binding energies of 234, 200, and 189 cm -I, respectively. A normal mode analysis of these calculated cluster geometries produce vdW mode frequencies from 12 to 34 cm-I .
IV. DISCUSSION
The following discussion is divided into two parts. The first part addresses the assignment of spectral features to cluster geometries. Both the sharp and broad spectral features are assigned as og transitions for different cluster geometries. The DABCO(Ar)1 and ABCO(Ar)1 spectra are then compared and the conclusions from this comparison are used to assign each of these features to specific calculated cluster geometries. The spectral features arising from DABCO(Arh and DABCO(Arh cluster species are then assigned to specific calculated cluster geometries by an analogous treatment. The second part of this section presents an interpretation of these assignments in terms of the form of the intermolecular potential, the spatial distribution of the Rydberg orbital, and the amount of delocalization of the Rydberg orbital in DABCO(Ar) n clusters.
A. Assignment of cluster geometries 1. General features
The lowest energy transitions in all of the cluster spectra are sharp. The sharp features in traces (a), (b), and (c) of Fig. 2 are identified from the nozzlellaser timing delay studies as being due to the DABCO(Ar)I' DABCO(Arh, DABCO(Arh clusters, respectively. They are assigned as cluster 08 transitions for four reasons. First, the 3s<-n Rydberg transition of l,4-dioxane clustered with various nonpolar solvents displays only blue shifted spectra. 3 Second, no cluster signal to the red of these transitions is observed. Third, no DABCO vibronic transitions (one or two photon allowed) are within 100 cm-I of the origin in the bare molecule spectrum. Fourth, an additive 100 cm -1 blue shift per additional argon atom is observed and this additivity is common for a homologous series of clusters.13 The additional features in the region of each of these sharp cluster 08 transitions are due to cluster hot bands or vdW modes. There is extensive sequence band structure in the bare molecule spectrum which has been previously assigned;5,4 however, the population depletion study of the DABCO(Ar) 1 cluster provides evidence against the assignment of these major features in trace (a) of Fig. 2 as hot bands. Therefore, these features must be due to cluster vdW modes.
All other spectral features are broad and share some , common characteristics. They are identified by the population depletion and nozzlellaser timing delay studies as being due to clusters with geometries which are different from those of the sharp features and from each other. Their blue shifts are larger than those of the sharp features arising from clusters with identical mass. Also, they are all shown to dissociate into the next lower mass channel. The sharp and the broad 08 transitions are one photon allowed for the DABCO clusters, while in the DABCO bare molecule the 08 transition is one photon forbidden and two photon allowed.
The top trace of Fig. 7 shows the ABCO(Ar) 1 spectrum. Similar to the DABCO(Ar)n spectra, this spectrum possesses both a blue shifted sharp feature, and a blue shifted broad feature; however, in addition to these, a sharp red shifted feature is also observed. This is the first observation of a red shifted 08 transition for a Rydberg transition in a molecular cluster.
DABCO(Ar)1 and ABCO(Ar)1
A comparison of the DABCO(Ar)1 and ABCO(Ar)1 spectra shows that, in both these spectra, sharp and broad blue shifted features are found. Additionally, the broad blue shifted features in both spectra are shown to dissociate into the next lower mass channel. An additional feature is present in ABCO(Ar)1 spectrum which is sharp and redshifted. The appearance of this new feature in the AB-CO(Arh cluster spectrum is coincident with the calculation of an additional cluster geometry, which is ABCO(Ar)1 geometry III shown in Fig. 8 . In this cluster geometry, the argon atom is much further from the ABCO nitrogen than is possible in the DABCO(Arh cluster. Previous studies have shown that nonpolar, external perturbers interact repulsively with the spatially large 3s molecular Rydberg orbitals, reSUlting in blue shifted spectral origins. 3 ,14 The red shift of the new feature in the ABCO(Ar) 1 spectrum suggests that the solute-solvent distance in this cluster is large enough so that the atommolecule interaction is attractive instead of repulsive. This favorable interaction may be due to the large polarizability15 of the extravalent 38 orbital. In ABCO(Ar) 1 geometry III, the solvent atom is located far enough from the chromophore atom to make this type of interaction possible.
The sharp, red shifted ABCO (Ar) 1 spectral feature is assigned to the ABCO(Ar)1 geometry III because of the large separation between the argon atom and the nitrogen chromophore in this cluster geometry. Based on this relationship between binding site and chromophore atom, the DABCO(Ar)1 and ABCO(Ar)1 calculated geometries I and II are assigned to the sharp blue shifted feature and the broad blue shifted feature, respectively. Cluster geometry I has the argon atom nearer to the nitrogen atom than the ABCO(Ar) 1 geometry III. In this configuration, the argon atom is closer to the nitrogen chromophore and is expected to interact repulsively with the 38 orbital upon excitation. This decreases the cluster binding energy in the excited state relative to the ground state and results in a blue shift of the cluster origin. In geometry II, the argon atom is closest to the nitrogen atom. In this binding site, the argon atom interacts strongly with the excited state nitrogen 3s orbital, resulting in a large blue shift of the cluster origin and, at high vibrational energies in the excited state, results in cluster dissociation. A summary of spectral shifts and their assigned DABCO(Ar)n and ABCO(Ar)1 calculated cluster geometries is found in Fig. 9 . The DABCO(Arh,3 cluster geometries, represented in two dimensions in this figure, are combinations of the DABCO(Ar>t geometries I and II.
The cluster geometry calculations predict ground state geometries and their binding energies. These calculations cannot model the excited state of the cluster. Since we are able to assign spectral features to specific calculated cluster geometries in the present study, then it is possible to predict the excited state binding energies from these calculations. If the cluster spectral shift is taken to be the difference . between the ground and excited state binding energies, then subtraction of the spectral shift from the ground state binding energy yields the predicted excited ."---1 .. The estimation of excited state binding energies for these latter cluster geometries assumes that the low energy edge of the broad features is the og transition energy. If this is not true, then this treatment will underestimate the excited state binding energy. The following discussion examines the ability of this type of analysis to predict excited state binding energies for clusters which give rise to the spectrum in the 152 amu mass channel [trace (a) of Fig. 2 ]. These three spectral features are representative of the three different types of features found in the DABCO(Ar)n and ABCO(Ar) 1 spectra. The first sharp feature in trace (a) of Fig. 2 is assigned to DABCO(Ar) 1 cluster geometry I and calculations predict its ground state binding energy to be 232 cm -1. Subtraction of the 104 cm -1 blue shift from this result yields an excited state binding energy of 128 cm-I . This predicts that this cluster is bound in the excited state and is in agreement with the experimental observation that it does not dissociate. The second feature in trace (a) of Fig. 2 is assigned to DABCO(Arh cluster geometry II and calculations predict its ground state binding energy to be 200 cm -1. Subtraction of the 290 cm -1 blue shift predicts that this £luster will be unbound by 90 cm -1 in the excited state. However, Fig. 3 demonstrates that this cluster is bound for at least 20 cm -1 in the excited state before it dissociates sharply. This sharp dissociation shows that the calculated ground state binding energy is at least 110 cm-I too small. The third feature in trace (a) of Fig. 2 has a spectral shift of 380 cm -1 and is assigned to a DABCO(Arh cluster geometry which is shown in Fig. 9 . Cluster geometry calculations predict the ground state binding energy for this cluster to be 402 cm -1. Subtraction of tlie blue shift from the ground state binding energy yields an excited state binding energy of approximately 22 cm -1 for this cluster. This cluster is observed experimentally to. dissociate which suggests that the calculated ground state binding energy for this cluster is at least about 20 cm -1 too large.
The possibility that a cluster will rearrange to a more stable geometry rather than dissociate can be eliminated because the cluster always maintains the energy of excitation under these isolated conditions. Additionally, for small clusters dissociation occurs within picoseconds following intracluster vibrational energy redistribution from the DABCO modes to the van der Waals modes. 
DABCO(Ar)2
Three DABCO(Ar}z spectral features which appear in the 192 and 152 amu mass channels can be identified. These features are assigned as spectral origins for three different calculated cluster geometries. This assignment is based on an analysis analogous to that for the DABCO(Ar)1 and ABCO(Ar)1 cluster spectra and geometry calculations. Transition energies for the sharp features and the approximate onset of intensity for the broad features are listed in Table I . The broad feature in the 192 amu mass channel, with a 280 cm -1 blue shift, shows that the cluster begins to dissociate at about 320 cm -1 and the product from that dissociation can be seen in the 152 amu mass channel. The third DABCO(Arh feature is seen in the 152 amu mass channel with a blue shift of 380 cm-I and with intensity similar to that for the DABCO (Ar) 1 cluster. This strong intensity in the dissociation mass channel suggests that this cluster is completely dissociating.
These DABCO(Ar)2 spectral features can also be assigned to specific calculated cluster geometries. These assignments are shown in Fig. 9 . The sharp features are assigned to the cluster geometry with both argon atoms in the O"h plane. Notice that these features have twice the blue shift ofDABCO(Ar)1 geometry I. The first broad feature, at 280 cm -1, is assigned to a calculated cluster geometry with one argon atom in the O"h plane (site I) and one near a DAB CO nitrogen atom along the C 3 axis (site II). The third feature has the largest blue shift, at 380 cm -1 in the 152 amu mass channel, and is assigned to the calculated cluster geometry with the two argon atoms near different DABCO nitrogen atoms along the C 3 axis. In this cluster geometry, the interaction between solvent argon atoms and 3s nitrogens is greatest.
DABCO(Ar)3
Three DABCO(Arh spectral features appear in the 232 and 192 amu mass channels. The broad feature shjfted 380 cm-I in the 192 amu mass channel is shown above to be due to a DABCO(Ar)3 cluster. The DABCO(Arh cluster giving rise to this feature must completely dissociate since this signal does not appear at all in the 232 amu mass channel. The third DABCO(Ar)3 feature is also seen through dissociation in the 192 amu mass channel, shifted 490 cm-
I .
These DABCO(Arh spectral features are assigned to specific calculated cluster geometries based on the extent the solvent atoms are expected to interact with the DABCO nitrogen 3s orbital. These assignments are shown in Fig. 9 . The sharp features are assigned to the cluster geometry with all three of the argon atoms in the (Th plane. The blue shift of this feature is approximately three times that of the sharp features assigned to DABCO(Ar) 1 geometry 1. The first broad feature, shifted 370 cm -I in the 192 amu mass channel, is assigned to a calculated cluster geometry with two argon atoms in the (Th plane and the third argon atom is near a DABCO nitrogen atom along the C 3 axis. In this configuration, the argon interaction with the DABCO 3s nitrogens will be intermediate to that of the other two possible geometries. This is consistent with its blue shift which is intermediate to the other two DABCO(Arh spectral features. Finally, the second broad feature, shifted 490 cm-I in the 192 amu mass channel, is assigned to the third possible calculated cluster geometry in which one argon atom is in the (Th plane and the other two argon atoms are near different DABCO nitrogen atoms along the C 3 axis. In this geometry, the solvent interaction with the Rydberg orbital should be greatest.
B. Implications for molecular Rydberg state properties
The above discussion of the effects of clustering on the 2p3s+-2p2 Rydberg transition in DABCO and ABCO provides information about three fundamental properties of molecular Rydberg states. These properties include the effect of Rydberg excitation upon the intermolecular interaction, the effect of solvent binding site on this interaction, and amount of localized, atomic-like character or delocalized character of the molecular Rydberg orbital. These three questions are addressed sequentially below.
Intermolecular potential
The three different types of features observed in the 3s+-n spectra of the DABCO(Ar)n and ABCO(Ar)1 clusters can be related to the cluster intermolecular interaction. The effect of the Rydberg transition on this interaction dictates the characteristics of the spectral feature. The DABCO(ArLz cluster spectra may be used to illustrate this: sharp features in these spectra show no signs of dissociation; broad features are partially detected in the DABCO(Ar)n mass channel until the signal sharp- ly disappears and is coincidentally detected in the DABCO(Ar)n_l mass channel; and broad features which are not detected at all in the DABCO(Ar)n mass channel, but are detected in the DABCO(Ar)n_1 mass channel. The first and second conditions are also seen in the ABCO(Ar) I speCtrum. Pictorial representations of the excited state potentials which explain these spectral characteristics are shown in Fig. 10 along with the associated line spectra. These excited state potentials represent the totally symmetric atom-molecule stretching mode, which we believe is most likely the dissociation coordinate. The excited state potential A is only slightly displaced along the intermolecular coordinate and with a smaller binding energy than the ground state (for a blue shifted 08 transition). The excitation is v' =O+-v" =0 and the resulting spectral feature is a sharp line at the 08 transition energy. Potential B has a more significant displacement along the intermolecular coordinate and the excited state is only slightly bound, with a binding energy which is much less than that of the ground state. In this case, the bound vibrational levels are very closely spaced, and due to the shift of the excited state potential the transition will have some Franck-Condon overlap with a number of excited state vibrational levels which are bound and also some which are not bound. The resulting spectrum includes transitions to the bound states which result in a group of congested lines in the cluster mass channel, and transitions to the unbound states which result in the dissociation of the cluster and a broad feature in the next lower mass channel. Potential C is repulsive along the intermolecular coordinate and has a very large displacement. In this case, all excitations are to states which are not bound and thereby cause the cluster to dissociate. This results in a broad feature in the next lower mass channel. Excited state potential C has been proposed by Robin et al. to explain the effects of pressure on gas phase vacuum ultraviolet spectra of Rydberg transitions. I ,14
The effect of solvent binding site
The excited state van del' Waals potentials can be related to the different solvent binding sites in terms of the type of interaction they produce between the solvent and the Rydberg orbital. This relationship provides information about the spatial distribution of the molecular Rydberg orbital. Argon has only two possible binding sites when clustered with DABCO, in the (J"h plane or along the C 3 axis. The major difference between these two sites is the distance of the solvent atom from the nitrogen 3s center. The interaction between the argon and the excited Rydberg electron is expected to be much greater when the argon binds along the C 3 axis near the nitrogen. A in which the cluster is only somewhat destabilized upon excitation (-100 cm-I ). For the ABCO(Ar)1 cluster a third possibility exists in which the argon atom binds along the C 3 axis, opposite the nitrogen and near the tertiary, carbon. The argon atom is furthestJrom the Rydberg orbital in this case. Evidently, this distance is large enough to make the interaction between the argon atom, the valence electrons, and the nitrogen 3s orbital stabilize the cluster through dispersion forces. This results in an excited state potential which is similar to A in Fig .. 10, except it is displaced to smaller intermolecular distance, and the excited state binding energy is greater than that of the ground state.
Delocalization of DABCO nitrogen 3s orbital
The ABCO (AI') 1 cluster results can provide insight into the amount of localization or delocalization of the 3s Rydberg orbital in the DABCO(Ar)1 cluster. The presence of a single nitrogen chromophore atom in ABCO makes this possible. The red shifted feature in the ABCO(Ar) 1 spectrum suggests that the Rydberg orbital is localized near the nitrogen atom. If the 3i orbital in ABCO were completely delocalized, then it might be expected that no solvent binding site will place the argon atom far enough away from the large radial distribution of the Rydberg electron to avoid a repulsive interaction.
If the excitation'is localized on a single nitrogen atom in the DABCO(Ar)1 cluster, then like the ABCO(Ar)1 cluster, three inequivalent binding sites would be observed. The third binding site would exist for the argon bound near the nitrogen atom whose lone pair electron is not excited. This is not observed in the DABCO(Ar)n spectra. If the molecular Rydberg orbital is a combination of' the two nitrogen atom 3s orbitals, then it will be delocalized. For excitation to a delocalized orbital of this type, the binding sites next to the two nitrogens would be equivalent and only two inequivalent cluster geometries would exist. This \ situation is observed in the DABCO(Ar)n spectra. The conclusion is that the DABCO 3s Rydberg orbital is delocalized between the two nitrogen atoms and exists over the entire molecular framework.
V. SUMMARY AND CONCLUSION
Two color 1 + 1 mass. resolved excitation spectroscopy (MRES) is used to obtain molecular Rydberg spectra of azabicyclo[2.2.2]octane (ABCO) and diazabicyclo[2.2.2]octane (DABCO) clustered with argon. Nozzle/laser timing delay studies are employed together with time-of-flight mass spectroscopy to identify. cluster composition. Population depletion techniques are used to differentiate between clusters with the same mass, but different geometries. All of these results, combined with cluster geometry calculations, are used to assign spectral features to specific cluster geometries. The DABCO(Arh cluster has two different geometries. One geometry has an argon binding site in the DABCO (J"h plane, gives rise to a sharp blue shifted spectral origin, and does not dissociate upon excitation. The other geometry has an argon binding site near the nitrogen atom along the C 3 axis, gives rise to a broad blue shifted spectral feature, and partially dissociates into the lower mass channel upon excitation.
The DABCO(Arh and DABCO(Arh clusters are both determined to have three distinct geometries. Three sets of geometries for these clusters may be described. Geometries in which all of the argon atoms are in the (J"h plane result in sharp, blue shifted spectral features. The blue shifts for these geometries are additive for the DAB-CO(Ar) 1,2,3 clusters. Geometries in which only one ;:lrgon atom is near the nitrogen atom along the C 3 axis result in broad, blue shifted spectral features and their Rydberg transitions are either partially or completely dissociative. Geometries in which two argon atoms are along the C 3 axis near different nitrogen atoms give rise to broad, blue shifted spectral features and their transitions are completely dissociative.
Three ABCO(Arh cluster geometries can be identified. . Two of these geometries are analogous to DABCO(Ar) 1 geometries I and II. These two ABCO (AI' ) 1 geometries generate spectral features similar to their DABCO(Arhanalogs. The third geometry has an argon binding site which is opposite the nitrogen atom and next to the tertiary carbon, along the C 3 axis. This geometry generates a sharp, red shifted spectral feature which is not seen in the DABCO(Arh cluster spectra. This is the first red shifted origin observed in the molecular Rydberg spectrum of a cluster. The red shift is attributed to an interaction between the argon atom and the 3s Rydberg orbital which stabilizes the excited state cluster. This type of interaction is made possible by the large separation between the solvent and chromophore atoms.
These data result in the important conclusion that the nature of the intermolecular potential for an excited Rydberg state cluster is dependent on the proximity of the solvent binding site to the chromophore atom. The red shifted feature in the ABCO (AI') 1 cluster spectrum indicates that its molecular Rydberg orbital is mostly localized.
The lack ofa similar feature in the DABCO(Ar)1 cluster spectrum suggests that its molecular Rydberg orbital is delocalized.
